Densely granulated and sparsely granulated (SG) growth hormone (GH) pituitary adenomas differ in biological behavior, which may be correlated with their known differences in cytoplasmic keratin distribution and E-cadherin expression. We wanted to explore candidate genes that might further explain this behavior. Exon expression microarray was performed on 21 GH tumors (10 SG and 11 densely granulated) and 20 normal control pituitaries from autopsy. Bioinformatic analyses confirmed a differential molecular signature between normal pituitary and GH tumors as well as between the GH tumor subtypes. There was a consistent downregulation of transcripts involved in the structure and function of the desmosome, including desmoplakin (eightfold), desmoglein 2 (sixfold), plakophilin 2 (sevenfold), and p53 apoptosis effector related to PMP-22 (PERP; sixfold) in SG tumors compared with normal pituitary. PERP is lost in more aggressive SG human GH pituitary tumors. PERP re-expression in GH3 rat GH tumor cells resulted in decreased colony formation compared with vector transfectants, confirming the role of PERP as a tumor suppressor with no effects on proliferation. Increased PERP expression was associated with loss of a survival advantage in a hypoxic environment, as assessed by terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (P , 0.05) and cleaved caspase-3 (P , 0.05). Downregulation of desmosomal formation transcripts including PERP may contribute to the aggressive phenotype seen in SG GH pituitary tumors and their behavior in response to surgery and medical therapy.
A cromegaly is a clinical syndrome due to excess growth hormone (GH) secretion usually from a GH pituitary tumor. Patients with inadequately treated acromegaly have increased morbidity and mortality due to concomitant metabolic, respiratory, and cardiovascular complications resulting in a decreased lifespan of at least 10 years, and these patients have significant increased cost of medical care (1, 2) . Transsphenoidal resection of the tumor by an experienced neurosurgeon is the preferred primary therapy, followed by medical therapy with somatostatin analogs (SSAs) and/or GH receptor (GHR) antagonists (3) . Despite this stepwise approach to treatment of these tumors, .50% of patients do not achieve remission (4, 5) .
We have been interested in defining biomarkers of disease prognosis in patients with GH tumors. Prior work by our laboratory and others has confirmed the importance of histologic subtyping to predict response to surgery and medical therapy (6) (7) (8) (9) (10) (11) (12) (13) (14) . Densely granulated (DG) GH tumors have keratin filaments distributed throughout the cytoplasm as defined by diffuse immunohistochemistry (IHC) cytoplasmic staining for CAM5.2 [cytokeratin 8/18 (K8/18) stain], and they tend to have high surgical cure rates and an excellent response to SSAs when residual tumor remains postoperatively (6, 8, (10) (11) (12) . In contrast, sparsely granulated (SG) GH tumors, characterized by rounded aggregates of cytoplasmic keratin filaments (fibrous bodies) on CAM5.2 IHC, are more commonly seen in younger patients, often are larger tumors, and are more locally invasive with a poor response to surgery or medical therapy with SSAs, although SG tumors usually respond to pegvisomant, the GHR inhibitor (6, (8) (9) (10) (11) (12) (13) (14) . Additionally, it is known that DG GH adenomas show strong E-cadherin cytoplasmic immunostaining, although this is lost in SG GH adenomas (8, 12, (14) (15) (16) . E-cadherin is known to be involved in epithelial-to-mesenchymal transition (EMT) in a wide variety of tissue and tumor types, underscoring the important role for this protein. Interestingly, in GH adenomas with transitional or intermediate forms of small poorly formed fibrous bodies (8, 12, 14) , the E-cadherin immunoreactivity remains strong and the tumors behave akin to the more indolent DG GH pituitary tumor, suggesting that levels of E-cadherin may be even more important for controlling/reflecting biological behavior than the keratin distribution pattern.
To further investigate the molecular differences between the histological GH tumor subtypes, we performed exon expression microarray on individual human GH tumors compared with normal pituitary tissue from individual autopsy samples.
We identified a differential molecular expression pattern between the GH tumors and normal pituitary as well as unique signatures that separate the GH tumor subtypes. We confirmed previously observed upregulation of somatostatin receptor (SSTR)2 in DG tumors as well as low expression of E-cadherin and p27 kip in SG tumors, consistent with an EMT-like signature in SG tumors (7, 8, 11, 12, (14) (15) (16) (17) . Analysis of the expression data demonstrated that SG tumors had a dramatic and consistent loss of multiple critical desmosome components, including p53 apoptosis effector related to PMP-22 (PERP), a tumor suppressor previously identified to act as a docking component of the desmosome and a downstream target of p53 in the apoptosis pathway (18) . We examined the functional role of PERP protein in GH tumor cells and confirmed its role in modifying tumor formation in soft agar. The antitumorigenic actions with reintroduction of PERP were dependent on its role to control rates of cell survival in a hypoxic microenvironment, but not on cell proliferation. We hypothesize that dysregulation of PERP in SG GH tumors via effects on tumor cell survival as well as its role with other components of the desmosome underlie the different histologic features and clinically observed increase in local invasion and tumor persistence despite standard surgical and medical therapy.
Materials and Methods

Characterization of human pituitary tumors and normal pituitary
Pituitary tumor samples were obtained from patients at University of Colorado Hospital at the time of transsphenoidal surgery after informed consent. Portions of the specimens were immediately dissected, placed in RNAlater (QIAGEN Bioinformatics, Valencia, CA), and stored at 280°C. Tumors were classified as GH tumors as defined by positive immunostaining for GH in the clinical pathology specimen. GH tumor subtyping was determined using cytoplasmic immunostaining for CAM5.2 (monoclonal, prediluted; Becton Dickinson, Franklin Lakes, NJ). DG GH adenomas were defined as those with diffuse cytoplasmic CAM5.2 immunoreactivity, corresponding to distribution of cytokeratin filaments throughout the cytoplasm and an absence of CAM5.2 IHC-positive fibrous bodies. Conversely, SG GH adenomas showed an IHC pattern with numerous, diffusely distributed fibrous bodies on CAM5.2. De-identified normal pituitary glands were obtained at autopsy within 2 to 18 hours of death from University of Colorado Denver Pathology Department. Demonstration of RNA and protein integrity of all samples was confirmed as previously described (19) (20) (21) .
Microarray analysis
Our cohort consisted of 21 GH tumors (11 DG and 10 SG) and 20 samples of normal human pituitary. Total RNA was isolated using TRIzol method (Invitrogen, Carlsbad, CA), followed by clean-up with a QIAGEN Bioinformatics RNeasy mini kit (Redwood City, CA). RNA was quantified by spectrophotometry, and RNA integrity was verified using the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA). Microarray targets were prepared and labeled from 150 ng of total RNA using the Ambion WT (Thermo Fisher Scientific, Waltham, MA) expression kit following the manufacturer's instructions. An Affymetrix Human Gene 1.1 ST array plate (Thermo Fisher Scientific) was hybridized with 2.3 mg of fragmented and labeled single-stranded complementary DNA (cDNA). Hybridization and scanning were done on the Affymetrix GeneTitan instrument. Hybridization intensities were quantified and normalized across all arrays using the robust multichip average algorithm available as an array processing tool on Partek Genomics Suite software (Partek, St. Louis, MO). Data are available as a tab-delineated file in Supplemental Tables 1 and 2 and have also been deposited, along with the original Affymetrix CEL files used to generate the raw data, in the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo).
Biostatistical and bioinformatic analysis
One-way analysis of variance (ANOVA) with Fisher's least significant difference using the Partek Genomics Suite 6.6 software was used to examine differentially expressed transcripts with a stringent false discovery rate (FDR) of ,0.05. An expression change cutoff of more than twofold was applied to generate a set of transcripts with differential expression between GH tumor subtypes and between normal and tumor tissues. Ingenuity Pathway Analysis (IPA) (QIAGEN Bioinformatics, Redwood City, CA) was then used to identify biological functions and diseases associated with differentially expressed genes.
Cell culture and reagents GH3 cells were purchased from the American Type Culture Collection (Manassas, VA). Cells were cultured in Dulbecco's modified Eagle medium (Invitrogen) supplemented with 10% fetal bovine serum (HyClone, Logan, UT), 100 U/mL penicillin, and 100 mg/mL streptomyocin at 37°C in humidified 5% CO 2 . The hPERP cDNA was generated by polymerase chain reaction (PCR) using SG tumor cDNA as template and two primers: 5 0 -CTAGT-GAATTCACCAT GATCCGCTGCGGCCTGGCCTGCG-3 0 (forward) and 5 0 -GCATCTCGAGTTAGGCAGATGTGTAGA AGTACCTGGGC-3 0 (reverse). The PCR product was digested by EcoRI and XhoI and then inserted to pcDNA3 vector, and the sequence was confirmed through Sanger sequencing. A PERP antibody was purchased from Abcam (Cambridge, MA); caspase-3 antibody was from Cell Signaling Technology (Danvers, MA); glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was from Millipore (Billerica, MA) as seen in Table 1 .
Immunoblot analysis and IHC
For immunoblot analysis, cells were lysed in RIPA buffer [150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris (pH 8.0)] with added protease inhibitor (Sigma-Aldrich, St. Louis, MO) and phenylmethylsulfonyl fluoride (0.5 mM). Protein concentration of the lysates was quantified using a bicinchoninic acid assay (Pierce, Rockford, IL) and electrophoresed through sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Protein transfer was performed using the Mini-Transblot system (BioRad, Hercules, CA) and electrotransferred onto polyvinylidene difluoride membranes. The polyvinylidene difluoride membranes were then blocked using a 3% bovine serum albumin solution [in Tris-buffered saline with Tween 20 (TBST)] for 60 minutes on a shaker. Dilutions of primary antibodies were done using a TBST/0.5% bovine serum albumin/0.1% NaN 3 buffer and the membranes were allowed to be incubated in primary antibodies at 4°C overnight on a shaker. Membranes were then washed with TBST three times, 10 min each. Secondary antibodies conjugated to horseradish peroxidase (Amersham Biosciences, Piscataway, NJ) were diluted in TBST and were allowed to incubate with the membranes for 1 hour on a shaker at room temperature. The membranes were washed with TBST for 10 minutes each and visualization was performed using ECL according to the manufacturer's protocol (Pierce, Rockford, IL).
Quantitative real-time PCR
Total RNA was extracted from tissues using TRIzol (Invitrogen), according to the manufacturer's protocol, and was purified with an RNeasy mini kit (QIAGEN Bioinformatics), and 2.5 mg was reverse transcribed with the iScript cDNA synthesis kit (Bio-Rad). Quantitative PCR (qPCR) on human tissues was run of five normal pituitaries, five DG tumors, and five SG tumors, which are the same as tissues for microarray. Primer sequences (Thermo Fisher Scientific) used for qPCR were: human
Colony formation assay
Anchorage-dependent growth of tumor cells was investigated by a standard colony formation assay (20) . GH3 cells, transfected with either vector or PERP, were plated in triplicate in a 60-mm dish and incubated at 37°C under humidified 5% CO 2 . Twenty-four hours later, cells were cultured in serum-replete conditions containing G418 (800 mg/mL). Media were changed every 48 hours. After 14 days, colonies were stained using Crystal Violet for 10 minutes after methanol fixation for 5 minutes. Images of colonies on 60-mm plates were captured using an Olympus camera (Olympus, Center Valley, PA). Images were quantified using ImageJ software on triplicate experiments.
Proliferation assay
Rates of cell proliferation were assessed using direct cell counts. Briefly, 5000 cells (vector control or PERP overexpressed) were plated in a 96-well plate in complete medium (Dulbecco's modified Eagle medium plus 10% fetal bovine serum) (nine wells per condition). Cells were trypsinized on days 1, 3, and 5 after plating, and viable cells were counted by trypan blue exclusion.
Apoptosis assays in response to hypoxic microenvironment
Cells were incubated in a 1% O 2 hypoxic chamber for 17 hours in media that were hypoxia preconditioned for 8 hours prior. For cleaved caspase-3 assay, the cells were harvested at 17 hours and immunoblotting was performed. Additionally, terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) was performed at 17 hours to analyze rates of cell death. Briefly, cells were fixed with 4% paraformaldehyde for 25 minutes at 4°C. After three washes with PBS, cells were permeabilized with 0.2% Triton X-100 in PBS for 5 minutes at room temperature. The TUNEL reaction mixture was obtained by adding terminal deoxynucleotidyltransferase to nucleotide mixture as per the manufacturer's manual (Promega, Madison, GAPDH Millipore MAB374 AB_2107445 WI). Cells were then incubated with 50 mL of the TUNEL reaction mixture in a moist chamber for 1 hour at 37°C. After rinsing with PBS, cell nuclei were visualized using 0.5 mg/mL 4 0 ,6-diamidino-2-phenylindole. The green fluorescence of apoptotic cells was detected by fluorescence microscopy (Nikon Eclipse E600).
Statistical analysis
Data are presented as means 6 standard error of the mean from three or more separate experiments. The P value calculations were conducted using an unpaired Student t test for two group comparisons or ANOVA (with Bonferroni posttest analysis for multiple comparisons). All data were analyzed and presented by using GraphPad Prism software (version 5.0; GraphPad Software, La Jolla, CA).
Study approval
All human subjects studies were performed with approval from the Colorado Institutional Review Board of the University of Colorado.
Results
Microarray analysis identifies a unique molecular signature of GH tumor subtypes and normal pituitary
Affymetrix Human Gene 1.1 ST exon expression microarray was performed on 21 GH tumors (11 DG and 10 SG) and 20 normal pituitary tissues. A one-way ANOVA using Partek Genomic Suite 6.6 was performed on 33,297 gene probes to compare the difference in gene expression between individual normal pituitary and SG and DG human GH pituitary tumor samples. Principal component analysis (PCA) plots were generated using one-way ANOVA to visually display the variants of the data in the three-dimension coordinate system. Figure 1  (a) shows the PCA plot of normal pituitaries (black) compared with GH tumors (white). This unsupervised analysis shows clear separation between tumor and normal pituitary tumor samples, suggesting a unique molecular expression of GH tumors. Figure 1(b) displays the PCA plot of DG (gray) compared with SG tumors (black) and suggests a differential molecular signature between the GH tumor subtypes.
Bioinformatic analysis reveals a large number of differentially expressed transcripts and pathways
Bioinformatic analysis with Partek Genomic Suite using one-way ANOVA identified differentially expressed transcripts with a FDR of ,0.05 to control for multiple testing. The analysis revealed that 1026 genes expressed .2.0-fold differential expression between GH tumors and normal pituitaries. Among this list, 251 genes were upregulated in tumors compared with normal, whereas 775 genes were downregulated. A parallel analysis comparing the GH tumor subtypes, using the same parameters for FDR and fold change, identified 891 differentially expressed genes, with 415 upregulated and 476 downregulated in SG compared with DG tumors. Supplemental Tables 1 and 2 show the top 100 uniquely expressed transcripts for normal pituitary vs GH tumor and the SG vs DG tumor analyses, respectively. Next, to further identify biological pathways associated with differentially expressed genes, IPA was used and revealed several signaling pathways differentially regulated (at least 1.3-fold) between GH tumors subtypes including the cell junction signaling pathway (P = 2.27 3 10 25 ) (Supplemental Fig. 1 ).
Transcript expression confirms previously reported dysregulations in SG compared with DG tumors To validate the candidates identified by our bioinformatic analysis, we examined pathways and genes reported to be dysregulated between GH tumor subtypes in prior publications. Downregulation of E-cadherin in SG tumors has been reported by us and others (8, 12, (14) (15) (16) . The E-cadherin (CDH1) transcript level was 10-fold lower in SG tumors compared with DG tumors (Supplemental Fig. 2) . Downregulation of E-cadherin has been classically associated with EMT in tumorigenesis. Previously, Lekva et al. (22) alluded to a role of EMT in GH tumorigenesis; however, the relationship to the subtype of GH pituitary tumor was not reported. With significant downregulation of E-cadherin in SG tumors, we asked whether SG tumors are more likely to be associated with EMT signature. Interestingly, although some of the EMT signature markers (23), such as CDH1 (210.4-fold), EPCAM (22.4-fold), SPINT1 (24.8-fold), TMEM30B (210.4-fold), PPAP2B (4.5-fold), ZEB1 (1.7-fold), and IL1R1 (3.7-fold), were dramatically dysregulated in SG tumors (Supplemental Fig. 3 ), other known EMT components, such as VMT, SNAIL, SLUG, and TWIST (24), were unchanged. We also examined the transcript levels of SSTR1-5, which are the major target of somatostatin analogs used for treatment of patients with GH tumors. In agreement with previous reports (7, 11, 17) , only SSTR2 was significantly downregulated in SG compared with DG tumors (P , 0.001) (Supplemental Fig. 4 ).
Desmosome protein PERP is downregulated in SG tumors compared with DG tumors
Although adherens junction dysregulation associated with downregulation of E-cadherin has been described in SG tumors (8, 12, (14) (15) (16) , the role of other components of the cell junction have not been explored. Integrating IPA and Partek analysis, we observed that the PERP transcript, a critical component of the desmosome, was sixfold lower in SG than DG tumors (P , 0.001) [ Fig. 2(a) ]. This differential expression was then confirmed by quantitative reverse transcription PCR for messenger RNA [mRNA; 13-fold, P , 0.001; Fig. 2(b) ] and by immunoblot for protein [ Fig. 2(c) ]. The tissue used for protein for immunoblot is different from tissues used for microarray.
PERP overexpression decreases tumor formation
To examine the potential role of PERP in pituitary tumorigenesis, in the absence of human GH tumor cell lines, we used rat GH3 pituitary tumor cells, which similarly to human SG tumors have low expression of PERP protein compared with liver, which is known to have abundant PERP [ Fig. 2(d) ]. GH3-PERP transient transfectants were generated to express PERP at levels similar to human DG tumors whereas GH3-vector cells were used as a model of SG tumors [ Fig. 2(c) ; see Fig. 4(b) ].
In colony formation assays, GH3 cells were transiently transfected with vector or PERP and selected by G418. GH3-PERP cells demonstrated 2.3-fold fewer colonies than did cells containing vector control at 14 days (P = 0.006; Fig. 3 ). To understand the mechanism of tumorigenesis in the presence or absence of PERP, effects on rates of cell proliferation and survival were determined. Tumor cell proliferation assays using cell counts were performed for 5 days. No differences in rates of proliferation between the two groups of GH3 tumor cells were observed (Supplemental Fig. 5 ), suggesting that the tumorigenic effects of loss of PERP were not dependent on alterations in cell proliferation.
PERP overexpression is associated with increased apoptosis in the hypoxic environment
Progression and maintenance of tumorigenesis characteristically requires strategies to allow tumor cells to evade death. To explore the effects of PERP re-expression on cell survival, cells transiently transfected with vector or PERP were grown in serum replete vs deplete media. No effects of PERP re-expression were observed on cell survival under these conditions (data not shown). Because we and others have previously shown that hypoxic conditions may play an important role in pituitary tumorigenesis (25-28), we tested the impact of differential expression of PERP in a hypoxic microenvironment. GH3-vector and GH-PERP cells were placed in a hypoxic (1% O 2 ) environment in the presence or absence of serum for 17 hours and cell death was assessed by TUNEL.
Under hypoxia and serum deprivation, PERP expression was associated with increased rates of apoptosis compared with vector controls [50% vs 19%, respectively; P , 0.05; Fig. 4(a) ], suggesting that the lower levels of PERP in human SG pituitary tumors might offer a survival advantage under hypoxic stress. Increased rates of apoptosis were also confirmed by levels of cleaved caspase-3 where tumor cells expressing increased levels of PERP displayed increased rates of apoptosis during 17 hours of hypoxia in serum-depleted media, as shown in Fig. 4(b) (P , 0.05) . Taken together, these data suggest that the decrease in rates of colony formation associated with PERP overexpression is mediated by an increase in rates of cell death rather than significant effects on rates of tumor cell proliferation.
Multiple desmosome components are downregulated in SG tumors
In addition to its potential proapoptotic properties (18) , PERP is known to be a critical component of the junctional desmosome structure (see Fig. 6 ). To further characterize changes in other desmosome components in SG compared with DG tumors, we examined the transcript levels from the microarray data. In addition to loss of PERP, multiple other components of the desmosome were downregulated in SG human pituitary tumors, including DSP (eightfold; P , 0.001), PKP2 (sevenfold, P , 0.001), and DSG2 (sixfold; P , 0.001) compared with normal pituitary as seen in Fig. 5 . qPCR confirmed the changes at the mRNA level and demonstrated downregulation in human SG tumors compared with normal pituitary, that is, DSP at sevenfold (P = 0.002), PKP2 at fourfold (P = 0.0004), and DSG2 at eightfold (P = 0.003) (Fig. 5) . Whereas the expression of PKP2 is also differential between SG and DG tumors on transcript (2.9-fold, P = 0.0004) and mRNA level (P = 0.03), DSP and DSG are not statistically different, although there is a trend toward loss of these genes with tumor aggressiveness. Antibodies were obtained to examine the protein expression of the various desmosome components, but unfortunately the reagents were not specific and could not be optimized in the positive control tissue by immunoblotting or IHC. Nevertheless, the similar pattern of downregulation of PERP and multiple other desmosomal components on the transcript level via microarray and quantitative reverse transcription PCR strongly supports the hypothesis that the downregulated or complete loss of expression of these proteins may contribute to the histologic staining differences as well as to the aggressive behavior of SG GH pituitary tumors.
Discussion
GH pituitary tumors are associated with significant morbidity and yet are poorly characterized to date regarding their pathogenesis (1). Early observations in the field found that an activating mutation in G protein subunit A leading to constitutively active cyclic adenosine monophosphate was associated with DG tumors (29) . Subsequent studies, however, found that G protein subunit A mutations occur in 40% to 65% of GH adenomas, including 23% to 38% of the SG subtype, meaning that these mutations do not correlate with the tumor histological subtypes (8, 12, (29) (30) (31) (32) (33) . Asa et al. (34) found that 43% of SG tumors had GHR mutations whereas none was found in DG tumors. GHR mutations are associated with impaired GHR processing, ligand binding, and signaling (34) . Interestingly, others groups have not detected GHR mutations in their cohorts (30, 35) , although GH tumor histologic subtyping was not performed. Others in the field have examined cyclic adenosine monophosphate, cytosolic Ca 2+ signaling pathways, and ZAC1 expression in GH tumor subtypes and found no difference for these intracellular signaling mechanisms (36) . Studies in our laboratory and those of others have reported upregulation of SSTR2 in DG tumors compared with SG tumors, although the underlying mechanism of this finding remains to be elucidated (7, 11, 17) . Previous studies have also reported that E-cadherin is one of the most dysregulated proteins in GH tumors subtypes, with DG tumors having high expression and SG tumors having low or absent expression (8, 12, (14) (15) (16) . Our group recently showed that the expression of p27 kip is also frequently lost in SG tumors, and in vitro experiments suggest that E-cadherin upregulation might be associated with increased p27 kip levels (7) . A study by Lekva et al. (22) demonstrated that E-cadherin expression in GH tumors correlates with an EMT signature, although histologic subtyping of GH tumors was not reported.
Histological subtyping of GH tumors is becoming a useful prognostic indicator of tumor behavior and response to surgical and medical therapy. SG GH tumors compared with DG tumors occur in younger patients and tend to have aggressive characteristics, such as local invasion and lack of response to surgery and first-line medical therapy with somatostatin analogs (6, (8) (9) (10) (11) (12) (13) (14) . In this study, genomic profiling of GH tumors and normal pituitary using gene expression microarray technology confirmed a differential molecular signature of GH tumor histological subtypes. Our bioinformatic analysis revealed dysregulation of the cell junction pathways with downregulation of PERP and several other critical components of the desmosome structure. This is interesting in light of the fact that well-developed desmosomes are not an ultrastructural feature of pituitary adenomas (37) . However, pituitary cells (termed "follicular cells"), which are poorly granulated, can form follicle-like structures with lumens and contain microvilli, which are observed in normal pituitary and adenomas. These cells also form junctions of the zonula adherens (adhering juctions) and macula adherens (desmosome) type (37) . Data from electron microscopy suggest that there may be fluidity in desmosome formation for pituitary cells. Our data would underscore the importance of alterations in specific components of the desmosome in GH tumor subtypes.
We have shown that downregulation of PERP protein has protumorigenic effects in GH pituitary cells that might play a role in aggressiveness of SG tumors seen clinically. PERP is tetraspan membrane protein that was initially described as a transcriptional target of p53 specifically during apoptosis (18) . Subsequent studies also identified PERP downstream of p63, a master regulator of stratified epithelia development, where PERPnull mice showed a dramatic blistering in stratified epithelia due to compromised adhesions (38) . To characterize the function of PERP in tumorigenesis, Beaudry et al. (39) used conditional Perp knockout mice selectively in stratified epithelia and showed that PERP loss promoted UVB-induced squamous cell cancer by increasing cell survival, desmosome loss, and inflammation. Interestingly, squamous cell cancer tumors in PERP-deficient mice were found to be less differentiated than those arising in control mice, implicating PERP loss in tumor progression. Additionally, Dusek et al. (40) showed that loss of PERP altered mammary gland homeostasis and promoted tumorigenesis in mammary cancer driven by p53 tumor suppressor loss. Downregulation of PERP has also been associated with monosomy 3-type of uveal melanoma where reexpression of PERP had proapoptotic effects on melanoma cells in vitro (41) . Our studies in a GH pituitary tumor cell model are in agreement with previous literature (42, 43) where re-expression of PERP decreases https://academic.oup.com/endotumorigenesis, as evidenced by decreases in colony formation in GH3 pituitary tumor cells. Our data suggest that PERP levels play a role in tumorigenesis not via alteration in the rates of proliferation but via changes in rates of cell survival, similar to its role in other human cancers (44) . Prior literature supports that PERP loss is associated with the impaired desmosome function and downregulation of desmosomal components, as another mechanism of promoting tumorigenesis (39) . In the mice where Perp is silenced selectively in the epidermis, instability of multiple desmosmal components was noted (39) . However, tumors in these mice displayed strong staining for both E-cadherin and B-catenin with intact adherens junctions. The authors postulated that PERP downregulation can facilitate desmosome downregulation, which can directly lead to tumor development by specific mechanisms distinct from EMT, which promotes change in differentiation status (39) . Whereas E-cadherin and subsequent adherens junction loss might occur in late stages of tumor development, PERP loss and desmosomal instability may be an early driver of tumor progression. In SG human pituitary tumors, adherens junction dysregulation occurs with a partial EMT phenotype, as previously observed and confirmed by our expression microarray, which also showed downregulation of critical desmosome components as we noted. Although both of these mechanisms may have implications concerning an aggressive clinical phenotype seen in SG compared with DG tumors, it is surprising that dysregulation of these pathways of tumorigenesis found in human solid cancers does not seem to promote metastatic disease in the SG subtype of GH tumors. The significance of partial EMT signature in SG tumors has not been well understood, and it is a mechanism that should be studied further.
The hallmark of SG tumors is a finding of fibrous bodies on IHC using CAM5.2 staining for K8/18 (45) . Abnormal accumulation of intermediate filament has been described in several tumor processes such as neuroendocrine small cell carcinoma and Merkel cell skin cancer, but the role and mechanism of abnormal appearance of cytokeratin have not been elucidated (46, 47) . One of the major functions of cytokeratin intermediate filaments is the maintenance of surface membrane integrity through direct interaction with the desmosome (40, 48) . The desmosome components, as outlined in Fig. 6 , include cadherin desmoglein and desmocollin, members of the armadillo family plakoglobin and plakophilin, and the plakins desmoplakin and plectin (40, 49) . The structure of desmosome is organized by forming protein-protein interaction between these components, and the main role of desmoplakin is the anchoring of the cytokeratin intermediate filaments to desmosome. Studies in K8/18-null mouse hepatocytes showed that the intermediated filament loss leads to disruption of desmoplakin at the cell membrane (50) . We postulate that the abnormal assembly of K8/18 in SG tumors reflects the disruption of the intermediate filaments and downstream desmosome stability. Compromised desmosome integrity, together with loss of PERP, a critical desmosome protein and tumor suppressor, likely plays a role in human SG GH pituitary tumor invasion and progression.
